ABSTRACT: Seizures are associated with adverse outcome in infants with hypoxic-ischemic encephalopathy. We hypothesized that early administration of the anticonvulsant phenobarbital after cerebral hypoxia ischemia could enhance the neuroprotective efficacy of delayed-onset hypothermia. We tested this hypothesis in a neonatal rodent model. Seven-d-old rats (n ϭ 104) underwent right carotid ligation, followed by 90 min 8% O 2 exposure; 15 min later, they received injections of phenobarbital (40 mg/kg) or saline. One or 3 h later, all were treated with hypothermia (30°C, 3 h). Function and neuropathology were evaluated after 7 d (early outcomes) or 1 mo (late outcomes). Early outcome assessment demonstrated better sensorimotor performance and less cortical damage in phenobarbital-treated groups; there were no differences between groups in which the hypothermia delay was shortened from 3 to 1 h. Late outcome assessment confirmed sustained benefits of phenobarbital ϩ hypothermia treatment; sensorimotor performance was better (persistent attenuation of contralateral forepaw placing deficits and absence of contralateral forepaw neglect); neuropathology scores were lower (median, phenobarbital 2 and saline 8.5, p Ͻ 0.05); and less ipsilateral cerebral hemisphere %Damage (mean Ϯ SD, 11 Ϯ 17 versus 28 Ϯ 22, p Ͻ 0.05). These results suggest that early posthypoxia-ischemia administration of phenobarbital may augment the neuroprotective efficacy of therapeutic hypothermia. T he results of four clinical trials support the safety and efficacy of hypothermia to decrease death and disability in infants with hypoxic-ischemic encephalopathy (HIE) (1-4). However, in these trials Ͼ40% of hypothermia-treated infants died or had poor neurologic outcomes. Thus, there is a need for strategies to improve the neuroprotective efficacy of hypothermia. One possible approach is to combine hypothermia with pharmacotherapy.
T he results of four clinical trials support the safety and efficacy of hypothermia to decrease death and disability in infants with hypoxic-ischemic encephalopathy (HIE) (1) (2) (3) (4) . However, in these trials Ͼ40% of hypothermia-treated infants died or had poor neurologic outcomes. Thus, there is a need for strategies to improve the neuroprotective efficacy of hypothermia. One possible approach is to combine hypothermia with pharmacotherapy.
In experimental models of neonatal hypoxic-ischemic brain injury, several agents enhance the neuroprotective efficacy of hypothermia; these include topiramate, an anticonvulsant (5); xenon, an anesthetic (6) ; and N-acetylcysteine, an antioxidant (7) . There is minimal neonatal clinical experience with these drugs (8) . Nevertheless, many neuroactive drugs are commonly administered to encephalopathic neonates, and an important question is whether any of these drugs could augment hypothermic neuroprotection.
Anticonvulsants are an attractive group of drugs to study in combination with hypothermia. Many have neuroprotective properties in cerebral ischemia models, although it is uncertain whether these effects are attributable to seizure cessation (9) . Seizures are common in encephalopathic neonates, in whom they may exacerbate hypoxic-ischemic brain injury (10, 11) . In one hypothermia trial, seizures were an independent predictor of adverse outcome (12) . Phenobarbital is currently the anticonvulsant used most commonly to treat neonatal seizures (13) . Moreover, in a small randomized trial, treatment of infants with HIE with phenobarbital within 6 h of birth resulted in a decrease in death or disability at 3 y of age (14) .
In this study, we used an experimental design that enabled us to model a clinically relevant scenario in a neonatal rodent model of acute hypoxic-ischemic brain injury (5) to study the interaction of phenobarbital with postischemia therapeutic hypothermia. Seven-d-old (P7) rats underwent right carotid ligation followed by exposure to 8% oxygen for 90 min; this procedure typically elicits quantifiable sensorimotor deficits and ipsilateral forebrain damage. Fifteen minutes after the end of hypoxia exposure, they received a single dose of phenobarbital, as could be administered after a clinical resuscitation; littermate controls received saline injections. Cooling was initiated either 1 or 3 h later, replicating the range of likely lag periods that would typically occur before initiation of therapeutic hypothermia. Functional and pathologic outcomes were compared in phenobarbital-and saline-treated groups after 1-and 5-wk recovery periods.
METHODS
Surgery. Seven-d-old (P7) Sprague-Dawley rats (nine experiments, 11-12 pups/experiment, n ϭ 104; Charles River, Portage, MI), anesthetized with isoflurane, underwent double ligation and division of the right common carotid artery with 6-0 silk suture (15) . After 90 min recovery in a 37°C incubator, rats were placed in 500-mL jars (2-3/jar), prewarmed, and partially immersed in a 36.5°C water bath. Eight percent oxygen (balance nitrogen) was introduced at a constant flow rate for 90 min. Pups recovered for 1 h (three experiments) or 3 h (six experiments), before initiation of hypothermia (see below). All procedures were approved by the University of Michigan Committee on Use and Care of Animals, and all efforts were made to minimize the numbers used.
Drug treatment. We selected the phenobarbital dose, 40 mg/kg, used in the clinical trial of Hall et al. (14) . Preliminary experiments (not shown) demonstrated that posthypoxia-ischemia administration of phenobarbital (40 mg/ kg) did not confer neuroprotection. Fifteen minutes after the end of the hypoxia period, phenobarbital (sodium salt; Sigma Chemical, Co., St. Louis, MO) dissolved in PBS (SAL) was injected i.p. (n ϭ 52), and pups were returned to incubators. Controls (n ϭ 52) received injections of an equal volume of SAL at the same time point. Gender distribution was balanced between treatment groups in each litter.
Delayed hypothermia. In the first six experiments, animals recovered in a 37°C circulating air incubator for either 1 h (n ϭ 32, three experiments), or 3 h (n ϭ 36), before initiation of hypothermia. In three subsequent experiments (n ϭ 36), after the injections, pups were returned to the dam for 2.75 h before hypothermia. During hypothermia, rats were placed in a circulating air incubator set at 30°C. The incubator was partitioned into compartments (one pup/compartment) to prevent pups from huddling. After 3 h in the cooling incubator, pups were returned to their dam. In prior experiments, we found that this duration of mild cooling, when initiated after a 1-or 3-h delay, does not confer protection (5) .
To evaluate whether phenobarbital administration altered body temperature, rectal temperatures were measured (YSI thermometer 43T with probe 554; Yellow Springs, OH) at six time points: immediately before surgery, at the end of hypoxia, 15 min after their injections (30 min after hypoxia), immediately before hypothermia (1 or 3 h after hypoxia), 30 min after the initiation of hypothermia, and at the conclusion of hypothermia.
Study design. The study included four experimental groups: saline and 1-h delayed-onset hypothermia (SAL ϩ 1hdHT), phenobarbital and 1hdHT (PB ϩ 1hdHT), saline and 3-h delayed-onset hypothermia (SAL ϩ 3hdHT), and phenobarbital and 3hdHT (PB ϩ 3hdHT). In the first group of experiments, functional and pathologic outcomes were assessed after a 1-wk recovery (early outcome); in the second group, functional and pathologic outcomes were assessed after a longer recovery (32-40 d; late outcome).
Early outcome measures. On P14, animals underwent sensorimotor testing; animals were then killed, and brain damage was quantified. Bilateral vibrissae-stimulated forepaw placement was tested, as previously described (5); the number of successful placements in 10 trials/side was recorded by an observer unaware of treatment. Contralateral deficits in forepaw placement can be detected consistently at P14 after P7 lesioning.
Animals were killed, and brains were removed and frozen on P14. In this model, there is substantial variability in the severity of tissue injury within and between litters, even if lesioning conditions are rigorously controlled. Under the conditions used, the expected injury ranges from ipsilateral forebrain atrophy to tissue dissolution with cyst formation.
Coronal 20-m sections were stained with cresyl violet. Bilateral crosssectional areas of striatum, neocortex, hippocampus, and cerebral hemisphere were measured on regularly spaced sections from the level of the anterior genu to the posterior genu of the corpus callosum, captured, and analyzed in ImageJ (http://rsbweb.nih.gov/ij/) using the dot-grid method. The callosal landmarks were chosen to provide objective landmarks for starting and stopping measurements in serial coronal sections. Bilateral volumes were estimated by multiplying the sum of areas by the distance between regularly spaced sections.
Late outcome measures. These experiments included additional sensorimotor and cognitive testing, and neuropathology scoring and volumetric measurements. Vibrissae-stimulated forepaw placement was evaluated on P14, P21, P28, and P35. In older animals, it was feasible to include two additional sensorimotor tests, the vertical cylinder forepaw preference test (16) and rotarod gait testing.
In the vertical cylinder, each animal underwent a 2-min trial that was videotaped for slow-motion analysis. Animals were placed in a clear plastic cylinder, and the number of weight-bearing contacts with the right, left, or both forepaws together, while exploring the cylinder wall, was counted. Normal animals use both forepaws equally; with right hemisphere lesions, reduced left forepaw usage is observed. Right forepaw preference scores were calculated with the formula 100 ϫ (Right Ϫ Left)/(Right ϩ Left ϩ Both).
On the rotarod (Economex; Columbus Instruments, Columbus, OH), after acclimation to a static cylinder (7 cm diameter, 30 s) and then to a nonaccelerating cylinder (5 rpm, 30 s), rats underwent 3 trials, beginning at 5 rpm and accelerating at 0.1 rpm/s, until they fell off. Time until fall was recorded for 3 trials.
These animals also underwent Watermaze place navigation and retention testing (2-m diameter pool, 28 -31°C water temperature), with a 10-cm diameter platform hidden 1 cm below water surface in a fixed location, as previously described (17) . They were tested on 5 consecutive days from P32-36 or P40 -44; differences in testing ages were determined by facility availability. Each day, animals underwent eight 1-min trials, in which they were placed facing the pool wall at seven of eight starting positions, with the first and final trial of each day starting at the same spot. All rats swam in the same order of start positions on each day, but the order varied among days. Animals that did not find the platform were placed on it, with 10 s on the platform between trials. By using a computerized videotracking and analysis system (Water 2020; HVS Image, Buckingham, United Kingdom), escape latency was measured. Twenty-four hours after the final session, a 60-s probe trial was conducted with no platform, and time in the target quadrant was recorded.
Animals were killed on P39 -47. Brain sections were prepared as above. Severity of neuropathology was scored by an observer unaware of treatment group assignment, using a method modified from Thoresen et al. (18) . At least 15 sections per brain were evaluated, with at least five at the level of the striatum rostral to the hippocampus and five at the level of the dorsal hippocampus. Damage was scored in seven regions: striatum, cortex at the level of the striatum rostral to the hippocampus, thalamus, cortex at the level of dorsal hippocampus, and CA1, CA3, and dentate gyrus subfields of dorsal hippocampus. Scores ranged from 0 -4 in increments of 0.5, with 0 representing no detectable damage and 1-4 representing Ͻ10%, 20 -30%, 40 -60%, and Ͼ75% tissue infarction (or neuronal loss in hippocampus), respectively.
Bilateral cerebral hemisphere and regional cross-sectional areas were measured, and volumes were estimated, as above. To provide comparable measures of tissue damage among regions, in each region, for each brain, bilateral volumes were compared, and percent damage (%Damage) was calculated using the formula [100 ϫ (left Ϫ right)/left].
Phenobarbital pharmacokinetics. In two additional experiments, rats received injections of phenobarbital (40 mg/kg) immediately after lesioning. They recovered in a 37°C incubator for 3 h, underwent hypothermia for 3 h (at 30°C), and then blood samples were obtained immediately or 18 h later (n ϭ 12/time point, equal gender distributions). Serum phenobarbital levels were measured by fluorescence polarization immunoassay (Abbott TDx/FLx; Abbott Labs, Abbott Park, IL) at the Michigan State University Diagnostic Center for Population and Animal Health.
Data analysis. For the early outcome experiments, differences in contralateral vibrissae-stimulated forepaw placing responses and in bilateral volumes were compared by two-way ANOVA, factoring drug treatment and delay to initiation of hypothermia, and, for morphometry, by 3-way ANOVA factoring treatment, delay to hypothermia, and region. We evaluated for a main effect of treatment and, for interactions with region, gender, and litter by two-way ANOVA, with Fisher protected least significant difference (PLSD) post hoc tests. Differences in serial body temperatures were assessed by repeatedmeasures ANOVA.
In the late outcome experiments, between-group differences in serial vibrissae scores and in Watermaze escape latencies were evaluated by repeated-measures ANOVA. Between-group differences in the probe test time in target quadrant, time to fall from the rotarod, and paw preference score in the cylinder test were evaluated by parametric and nonparametric tests. To assess between-group differences in damage scores, the summed scores and regional scores were compared by Mann-Whitney U tests. Damage was also evaluated by morphometry, as above. Statistical analyses were conducted using Statview 5.0 (SAS Institute, Cary, NC) and Systat 5.2 (Systat, Inc., Evanston, IL).
RESULTS
There was no difference in mortality between the drug and vehicle groups; there were two deaths in the phenobarbitaltreated group (both before P14) and one death in the control group (before P14). There were no differences in mean temperatures between the two treatment groups at six time points (Table 1 ). There were no differences in left (nonhypoxic ischemic) hemisphere regional volumes between phenobarbital-treated and control groups in any experiments (Tables 2  and 4) .
Early outcomes: sensorimotor testing. All animals demonstrated normal right forepaw responses. Combination treatment with phenobarbital ϩ delayed hypothermia (1 or 3 h delay) reduced the contralateral forepaw placing deficit. There were more successes in the phenobarbital ϩ delayed hypothermia group [median 10/10, interquartile range (IQR) 1.25], compared with the saline ϩ hypothermia group (median 7/10, IQR 4.5, p Ͻ 0.001, Mann-Whitney). There were no effects or interactions of duration of delay to hypothermia (Fig. 1) or gender on scores.
Phenobarbital ϩ hypothermia-treated rats had less right cerebral hemisphere damage than controls (Table 2) . Overall, right hemisphere regional volumes were larger compared with the saline ϩ hypothermia group (3-way ANOVA factoring treatment, region and hypothermia delay); on post hoc tests to compare values in each region, only right cortex volumes differed (p Ͻ 0.05, Fisher PLSD). The time delay to initiation of hypothermia and gender had no effect on regional volumes, and there were no significant interactions.
Late outcomes. Weekly vibrissae-stimulated forepaw placing testing from P14 -35 revealed a persistent attenuation of the contralateral deficit in the phenobarbital ϩ hypothermia group (Fig. 2, p Ͻ 0.0001, repeated measures ANOVA) . The Figure 1 . Phenobarbital ϩ delayed hypothermia attenuate early forepaw placing deficit. P7 rats (n ϭ 68) underwent unilateral cerebral hypoxia ischemia and then received i.p. injections of phenobarbital (40 mg/kg) or an equivalent volume of saline, recovered in a 37°C incubator for 1 h (n ϭ 32) or 3 h (n ϭ 36), and then were cooled for 3 h (30°C incubator). Lateral vibrissae-stimulated forepaw placing (10 trials/side) was evaluated on P14. SAL ϩ dHT-treated animals had contralateral placing deficits; this deficit was attenuated in the group treated with phenobarbital before delayed HT (PB ϩ dHT). Results were the same whether the delay to initiation of HT was 3 h or 1 h (*p Ͻ 0.005 and †p Ͻ 0.05, Mann-Whitney, vs corresponding SAL ϩ dHT controls). Figure 2 . Persistent attenuation of contralateral forepaw placing deficit. P7 rats (n ϭ 36) underwent unilateral cerebral hypoxia ischemia and then received injections of saline (SAL ϩ 3hdHT, solid bars) or phenobarbital (40 mg/kg; PB ϩ 3hdHT, hatched bars), with normothermia for 3 h, then 3-h hypothermia (30°C incubator). Rats underwent bilateral vibrissae-stimulated forepaw placing testing (10 trials/side) weekly from P14 to P35. The phenobarbital-treated group had a sustained advantage over the controls for several weeks (*p Ͻ 0.0001, repeated-measures ANOVA). There was a significant interaction (p Ͻ 0.005) between group and testing age; performance of the SAL ϩ 3hdHT controls converged toward the PB ϩ 3hdHT group. Values are means Ϯ SDs. contralateral placing deficit progressively resolved in the saline ϩ hypothermia group (p Ͻ 0.005 for interaction between group and testing age). This observation, suggestive of compensation for the deficit over time in the controls, led us to evaluate sensorimotor function with a complementary forepaw preference test, the cylinder test, in older animals. In the cylinder test, the saline ϩ hypothermia controls exhibited a right forepaw preference (i.e. relative left forepaw neglect), whereas in the phenobarbital ϩ delayed hypothermia group, there was no asymmetry [mean Ϯ SD forepaw preference score (%): SAL ϩ 3hdHT 16.5 Ϯ 14.5 versus PB ϩ 3hdHT Ϫ0.8 Ϯ 19, p ϭ 0.005, t test]. On the rotarod, there was no difference in performance between groups [mean Ϯ SD sum of latencies to fall (s): SAL ϩ 3hdHT 199 Ϯ 108; PB ϩ 3hdHT 246 Ϯ 120].
Testing of spatial learning and memory in the Watermaze place navigation task demonstrated that performance in both groups improved over 5 d. There were no differences between groups in daily mean escape latency or in the 24-h probe test, with the platform removed, in time spent in the target quadrant (Table 3) .
Neuropathology was scored in seven regions. In both groups, there was substantial variation in the total scores, yet, overall, the phenobarbital ϩ hypothermia group total scores/ brain were lower (p Ͻ 0.05, Mann-Whitney; Fig. 3 ). Comparison of scores in each of the regions demonstrated similar trends with substantial variation in each group; there were significant reductions in the scores in the phenobarbital ϩ hypothermia group in striatum, thalamus, and hippocampal CA3 (p Ͻ 0.05, Mann-Whitney).
Analysis of right hemisphere regional volumes demonstrated similar but not statistically significant trends (p ϭ 0.062, two-way ANOVA factoring treatment and regional volume, Table 4 ). To account possible variation in brain size attributable to differences among litters and ages at killing, we calculated hemisphere %Damage values. Overall, %Damage values were reduced in the PB ϩ 3hdHT group, compared with the group treated with saline ϩ hypothermia (mean Ϯ SD hemisphere %Damage: SAL ϩ 3hdHT 28 Ϯ 22, PB ϩ 3hdHT 11 Ϯ 17, p Ͻ 0.05, t test). Attenuation of %Damage in the phenobarbital ϩ hypothermia group was confirmed by twoway ANOVA factoring treatment and region (p Ͻ 0.001). † By repeated-measures ANOVA, there was no between-group difference in escape latency, however, rats in both groups exhibited a decrease in mean escape latency over time (p Ͻ 0.0001 for testing day), i.e. both groups exhibited evidence of learning.
‡ Mean (ϮSD) percent of total swim time spent in virtual quadrant that formerly contained platform. No between-group difference was detected. Values represent left-and right-sided volumes (mm 3 , mean Ϯ SD). There was no between-group difference in right-sided volume by two-way ANOVA factoring treatment and region (p ϭ 0.062), nor was there a difference in right hemisphere volumes.
The mean Ϯ SD phenobarbital concentrations at 6 and 24 h after a 40-mg/kg injection, in posthypoxic-ischemic rats treated with delayed-onset hypothermia, were 36 Ϯ 2 and 21 Ϯ 4 g/mL, respectively. The calculated half-life of phenobarbital was 23 h (19).
DISCUSSION
Phenobarbital remains the first-line anticonvulsant in neonatology clinical practice (13) . Nonetheless, concerns persist about potential adverse effects. The experimental data that demonstrated detrimental effects of phenobarbital in immature rodent brain have generally been obtained in normal animals (20) . In contrast, we sought to determine whether beneficial or adverse effects of phenobarbital administration predominated in the most widely used animal model of asphyxial brain injury, in which all investigators report considerable, but poorly understood, variation in pathology (21, 22) . This variability parallels clinical experience; neonates with similar insults have widely varying outcome. Because therapeutic hypothermia is now commonly implemented clinically and many of these infants have seizures (23), we were particularly interested in assessing the combination intervention of phenobarbital and cooling.
In asphyxiated neonates, there is commonly a delay before initiation of therapeutic hypothermia. We developed a treatment protocol for the P7 rat hypoxia-ischemia model that incorporated this lag period in conjunction with preceding drug administration, as could be implemented postresuscitation (5) . With this protocol, we previously found that administration of topiramate, within 15 min after an acute hypoxicischemic insult, extended the therapeutic window for initiation of effective hypothermic neuroprotection up to 3 h. In this study, we sought to determine whether phenobarbital could exert similar effects.
In a small randomized trial, treatment of term infants with HIE with phenobarbital within 6 h of birth resulted in a decrease in death or disability at 3 y of age (14) , and this dose was selected. Serum phenobarbital levels at 6 h after drug administration were consistent with previous reports in P7 rats (20) and were consistent with levels that would be attained in human neonates after a 40-mg/kg loading dose (24) . This phenobarbital dose was not associated with any discernible adverse effects. There were no differences in mortality or in postischemic core temperatures.
Initial evaluation of sensorimotor function and neuropathology in animals treated with phenobarbital and delayed-onset cooling indicated that the efficacy of neuroprotection was less pronounced than attained with topiramate. For this reason, we also evaluated a second treatment protocol-with onset of cooling at 1 h after hypoxia-ischemia (which could be feasible clinically, e.g. by initiating cooling during transport), and trends were similar with both protocols. Therefore, we selected the 3-h delay, which is more clinically relevant for most infants with HIE who undergo cooling, for the subsequent studies. Treatment with phenobarbital and delayed-onset hypothermia conferred sustained improvements in sensorimotor function and attenuation of brain damage in animals assessed after a 4-to 5-wk recovery period.
In asphyxiated neonates, there is high risk for neuromotor deficit in survivors. In this neonatal model, several reproducible quantifiable measures of sensorimotor function have been used. Strengths of vibrissae-stimulated forepaw placing include that asymmetric function can be readily discerned, that the testing is feasible as early as P14, and that performance does not rely on motivation or exploratory behavior. All animals, at all ages tested, demonstrated normal responses in the right forepaw. In the phenobarbital ϩ hypothermia group, better sensorimotor performance on the left side (contralateral to the lesion) was evident at P14, and the benefit was sustained. Of interest, performance in the control hypothermiaonly group improved, and the gap in function between the two groups narrowed over time. However, at the final time point evaluated, the cylinder test provided complementary evidence of persistent left forepaw sensorimotor deficits in controls, whereas there was no asymmetry in the phenobarbital ϩ delayed hypothermia group. However, no difference was discerned in performance on the rotarod. We could not determine whether this reflected selection of too late a time point for testing, so that all animals substantially recovered function, low sensitivity of this test to a modest lateralized deficit, and/or modest effect size.
In the phenobarbital-treated group, performance in the Watermaze test was the same as in the control group. We did not compare cognitive performance with age-matched normal controls, but we were able to demonstrate that early singledose phenobarbital administration did not have deleterious effects, in comparison with lesioned controls. When normal rats are treated in the first 2 wk of life with repeated doses of phenobarbital, in adulthood (6 mo age), these animals have spatial learning deficits (25) . It is possible that moderate hypothermia might block drug-induced neurodegeneration in the immature brain; thus, it is attractive to speculate that hypothermia might limit potential deleterious functional effects of phenobarbital. This complex question is beyond the scope of this study.
In the early outcome experiments, there was a beneficial effect of phenobarbital plus hypothermia on preservation of right-hemisphere regional volumes, with the primary effect in the cortex. In the late outcome experiments, the beneficial effects of phenobarbital treatment combined with delayed hypothermia were discerned with application of a semiquantitative injury scoring. Initial comparison of right hemisphere regional volume measurements did not confirm this treatment effect. We speculated that variation in brain sizes contributed to this finding and, also, calculated %Damage values in each brain to account differences in brain size. By using the %Dam-age formula, which compares volumes bilaterally in each brain, we confirmed that there was less damage in the phenobarbital ϩ delayed hypothermia group, although there was substantial variation in the range of neuroprotection.
In a previous study, in a similar experimental paradigm that incorporated sensorimotor and pathology outcomes, we found that treatment with a single early posthypoxic-ischemic dose of topiramate in combination with brief delayed-onset hypo-thermia had robust, sustained neuroprotective effects (5); phenobarbital was less effective in the same study design. Because seizure burden cannot be reliably quantified in P7 rats with surface EEG, we could not assess whether differences in anticonvulsant efficacy contributed to the more potent neuroprotective effects of topiramate. However, in view of subsequent studies that demonstrated that topiramate treatment alone confers neuroprotection with more prolonged treatment (four doses over 48 h), it is more likely that greater neuroprotective efficacy is attributable to intrinsic AMPA-antagonist properties (26) . Nonetheless, together these results provide support for the hypothesis that early seizures can contribute to the evolution of hypoxic-ischemic brain injury and that anticonvulsant therapy could be an effective adjunct to therapeutic hypothermia.
It is also important to acknowledge that phenobarbital has multiple potential modes of action in addition to anticonvulsant effects that could contribute to neuroprotection in this setting, including reduced cerebral metabolic demand, antioxidant effects, and decreased cerebral edema (27) (28) (29) (30) . It is also intriguing to consider that recent insights regarding the impact of maturational changes in neuronal chloride transporter expression on GABA receptor function may provide strategies that could improve the neuroprotective efficacy of phenobarbital in the neonate. Specifically, blocking the neonatal neuronal chloride transporter with bumetanide can augment the inhibitory activity of GABA agonists such as phenobarbital. Bumetanide enhances the anticonvulsant action of phenobarbital in neonatal rats (31) . Whether this combination treatment could also result in improved neuroprotective efficacy in conjunction with cooling is an interesting question for future research.
